Resonant inelastic x-ray scattering study of overdoped La2_a;Sra;Cu04 
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Resonant inelastic x-ray scattering (RIXS) at the copper K absorption edge has been performed 
for heavily overdoped samples of La2-a;Sra;Cu04 with x = 0.25 and 0.30. We have observed the 
charge transfer and molecular-orbital excitations which exhibit resonances at incident energies of 
Ei = 8.992 and 8.998 keV, respectively. From a comparison with previous results on undoped 
and optimally-doped samples, we determine that the charge-transfer excitation energy increases 
monotonically as doping increases. In addition, the dependences of the RIXS spectral weight 
and absorption spectrum exhibit no clear peak at Ei — 8.998 keV in contrast to results in the 
underdoped samples. The low-energy (< 3 eV) continuum excitation intensity has been studied 
utilizing the high energy resolution of 0.13 eV (FWHM). A comparison of the RIXS profiles at (tt 0) 
and (tt tt) indicates that the continuum intensity exists even at (tt n) in the overdoped samples, 
whereas it has been reported only at (0 0) and (tt 0) for the x — 0.17 sample. Furthermore, we also 
found an additional excitation on top of the continuum intensity at the (tt tt) and (tt 0) positions. 



I. INTRODUCTION 

The essential physics of the hole-doped high- Tc 
cuprates can be described as that of a doped Mott in- 
sulator, which exhibits several phases varying from anti- 
ferromagnetic insulator to metallic superconductor. The 
elucidation of the basic physics of these various com- 
plicated phases by studying the elementary excitations 
could yield information essential for uncovering the mech- 
anism of high- Tc superconductivity. Experimental tech- 
niques that can probe the charge excitations have been 
dramatically developed in recent years. In particular, 
resonant inelastic x-ray scattering (RIXS) in the hard x- 
ray regime has attracted much attention due to its ability 
to probe the momentum dependence of the charge exci- 
tations. This technique was initially applied to NiO;^ in 
that case a large enhancement of the inelastic signal with 
incident photon energy was observed near the Ni K edge. 
More recently this technique has been applied to various 
cuprates including high- Tc materialsSiSi^iSiSiLSiSiiSiii and 
other highly-correlated electron systems liSiiii^ 

A recent RIXS study near the Cu K edge in undoped 
La2Cu04 (LCO) has revealed three features in its charge 
excitation spectrumi^ Two features, labeled A and B, ap- 
pear at energy transfers w = 2.2 eV and 3.9 eV, respec- 
tively; these features show the largest intensity enhance- 
ment at an incident photon energy of Ei = 8.991 keV. 
The other feature, labeled C, appears at w = 7.2 eV, and 
resonates at the higher incident energy of Ei — 8.998 keV. 
Since the resonance energy of the A and B features corre- 
sponds to the absorption feature associated with a well- 
screened stateji^ these two have been attributed to the 
charge-transfer (CT) excitations from the O 2p to the 
Cu 3d upper Hubbard band. On the other hand, the 
resonance energy of feature C is associated with a poorly 
screened state, and has been attributed to a molecular or- 



bital (MO) excitation that involves a transition between 
bonding and anti-bonding states of the Cu 3d and O 2p 
orbitals.^ 

Recently, there has been a number of RIXS stud- 
ies of doped cuprate superconductorsiSiL2iii For the 
La2-a:Sr2:Cu04 (LSCO) system, Kim et al& showed that 
the two features of the CT excitations in LCO are also ob- 
served for X = 0.05, but only a single feature is observed 
at 4 eV for x = 0.17. In addition, a continuum-like 
excitation appears for x = 0.17 below the charge transfer 
excitation energy (w < 2 eV) at the zone center (0 0) 
and at the zone boundary (tt 0).^ The zone center re- 
sult is consistent with optical measurements which show 
a transfer of the spectral weight from the CT excitation 
to lower energies.^- For the MO excitation, the excitation 
energy increases with doping.^ This was attributed to the 
decreased Cu-0 distance in doped samples, which leads 
to an increased energy splitting between the bonding and 
antibonding molecular-orbitals due to the increased p — d 
hybridization. 

Although measurements have been carried out for un- 
derdoped and optimally doped samples, the overdoped 
region has not yet been studied with RIXS. Such studies 
should yield important insights into the nature of the 
charge excitations observed with the RIXS technique. 
We note that thus far LSCO appears to be the only high- 
Tc system where large, high quality heavily overdoped 
crystals are available. In this paper, we report RIXS re- 
sults for overdoped LSCO with x = 0.25 and 0.30; the 
primary purpose of this study is to elucidate the evolu- 
tion of the charge excitations in the overdoped region. 
Wc find that the CT and MO excitations in the over- 
doped compounds exhibit resonantly enhanced intensity 
over a broader range of incident energies than those of an 
optimally-doped and undoped (parent) compound. We 
also observe that the near-edge x-ray absorption spec- 
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trum exhibits a feature associated with the well-screened 
final state, which is well-defined similar to its counter- 
part in underdoped samples. On the other hand, we do 
not find a well-defined peak corresponding to the poorly- 
screened final state. Profiles measured utilizing a high en- 
ergy resolution spectrometer configuration indicate that 
the continuum excitation exists below 3 eV at (tt tt) in 
addition to the (0 0) and (tt 0) positions. On top of the 
continuum intensity, we observed an additional excita- 
tion at w ^ 1.8 eV, which exhibits resonantly enhanced 
intensity around Ei ^ 8.993 keV. 

The paper is organized as follows. Section II describes 
the experimental details. The CT and MO excitations 
measured with a conventional RIXS setup are presented 
Sec. Ill, while a detailed study of the continuum inten- 
sity below 3 eV using the high resolution setup is re- 
ported in Sec. IV. Finally the results are summarized 
in Sec. V. Since the results for the x = 0.25 and 0.30 
crystals are quantitatively similar, we do not distinguish 
between these two samples in our discussion unless there 
is a special need. 



II. EXPERIMENTAL DETAILS 

Single crystals of LSCO with x = 0.25 and 0.30 for 
the RIXS measurements were grown by the traveling- 
solvent floating-zone (TSFZ) method in the same man- 
ner as those used for neutron-scattering experimentsiiiiS 
The grown crystal rods have a typical size of 6 mm in di- 
ameter and 80 mm in length; they were cut into pieces 
5 mm X 4 mm x 1 mm along the tetragonal a, c and 
^-directions, respectively, and annealed at 850 °C for 12 
hours in flowing oxygen to compensate for oxygen de- 
ficiencies. The temperature dependence of the super- 
conducting shielding fraction determined by magnetiza- 
tion measurements shows that the x = 0.25 sample has 
Tc = 15 K whereas the x — 0.30 sample shows no bulk 
superconductivity down to 2 K. The ac surfaces, which 
the x-ray beams in the RIXS experiments are incident 
upon, were polished using a 1 fim grit size. 

The RIXS experiments were performed at the undu- 
lator beam line 9IDB at the Advanced Photon Source 
at Argonne National Laboratory. For the measurements 
of the CT and MO excitations, we used the Si (333) 
reflection from the double bounce main monochroma- 
tor, together with a spherical Ge(733) analyzer with 
1 m radius of curvature. This setup gives an instru- 
mental energy resolution of 0.4 eV full-width at half 
maximum (FWHM). For the measurement of the con- 
tinuum intensity below 3 eV, a Si(444) channel-cut sec- 
ondary monochromator was used in addition to a Si(lll) 
primary monochromator. A spherical Ge(733) analyzer 
with a 2 m radius of curvature was also utilized. This 
spectrometer configuration yielded a net energy resolu- 
tion of 0.13 eV (FWHM). More technical details of the 
finer resolution setup has been reported in Ref. Il9i 

The energy resolution has been measured by scanning 



an incoherent background signal along the energy direc- 
tion. For the finer resolution setup, we cooled the sam- 
ples down to 9 K by a closed cycle refrigerator to reduce 
a possible phonon contribution to the elastic background 
intensity. However we found that the elastic peak width 
along the energy direction does not show clear tempera- 
ture dependence. Thus, we conclude no phonon effect on 
the elastic peak. 

For all measurements, the scattering plane was verti- 
cal and the polarization of the incident x-ray was fixed 
along the c-axis. Typical scans were performed by count- 
ing for 2 minutes at each data point, and the counts were 
normalized to monitor counts corresponding to 1 s. In 
our analysis, we have used the following background sub- 
traction and normalization method. The largest source 
of background arises from the contribution of the elastic 
(lu — 0) intensity. The energy gain (tu < 0) side spectrum 
is expected to represent purely background intensity, 
since the detailed balance factor at this temperature and 
energy scale vanishes. Therefore, the background sub- 
tracted intensity can be written as D{uj) = — 
{uj > 0), where I{u>) is the raw intensity, assuming that 
the elastic background is symmetric in w. Unless noted 
otherwise, we used the intensity of the Cu Kp^ emission 
line as a normalization factor, since this emission inten- 
sity is expected to be proportional to the sample volume 
probed. 

At last, throughout this paper, we use tetragonal no- 
tation with a = 3.77 A along the Cu-O-Cu direction, 
corresponding to a* = 1.67 A~^. 



III. CHARGE TRANSFER AND 
MOLECULAR-ORBITAL EXCITATIONS 

First, we present the experimental results for the main 
spectral features, which correspond to the CT and the 
MO excitations. Figure 1 shows the evolution of the 
RIXS spectra as a function of the incident energy Ei near 
the Cu K edge at the positions Q = (3.05, 0) correspond- 
ing to a position near the zone center q = (O.lvr 0) and 
Q = (2.5, 0) corresponding to the zone boundary position 
q = (tt 0). Unfortunately, the zone center (3,0,0) posi- 
tion is contaminated at w = presumably by the tails of 
the Bragg peaks at (3, 0, 1) and (3, 0, 1), so that the data 
have been obtained at positions slightly away from the 
zone center. However, a relatively high elastic intensity 
remains at (O.Itt 0), producing a broader tail than that 
at (tt 0). Nevertheless, a similar incident energy depen- 
dence of the RIXS spectra is observed at both positions 
with a CT excitation around 4 eV and the MO excita- 
tion around 8 eV, exhibiting resonance enhancements at 
E, - 8.992 keV and ~ 8.998 keV, respectively. 

To study any possible change of the RIXS spectra 
as a function of momentum and doping, the spectral 
weight has been calculated by simply summing up the 
background subtracted and normalized intensity between 
2 eV and 12 eV. Spectral weights so obtained for the 
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FIG. 1: Si-variation of the room-temperature RIXS spectra of the x — 0.25 sample at (a) a position near the zone-center 
(O.Itt 0) and (b) zone-boundary (tt 0). These are measured at Q = (3.05,0,0) and (2.5,0.5,0), respectively. The data are 
shifted vertically for clarity. Dashed lines represent energies of the CT and the MO excitations. 



data at (O.Itt 0) and (tt 0) are shown in Fig. 2(a) by 
circles and squares, respectively. Although the (near) 
zone center data show smaller spectral weights, the Ei 
dependence appears to be very similar at both positions. 
This is more clearly seen in Fig. 2(b) which shows the Ei 
dependences of the spectral weights normalized to their 
maximum values. Thus, although the excitation energies 
are slightly different at different q positions as shown in 
Fig. 1, the resonance behavior is similar. 

We observe that the spectral weight does not show a 
well-defined peak at Ei ^ 8.998 keV, which is the MO 
excitation resonance energy, whereas the spectral weight 
has a peak at Ei ~ 8.992 keV, the CT excitation reso- 
nance energy. We also found that the x-ray absorption 
spectrum shown in Fig. 2(c), which is measured by mon- 
itoring the intensity of Cu Kf]^ line at Ef = 8.973 keV, 
does not exhibit a well-defined peak associated with the 
so-called poorly-screened state around 8.998 keV. This 
result should be contrasted with the results in the un- 
doped samples. Figure 2(d) shows the spectral weight 
of La2Cu04 calculated in the same manner using the 
data reported in Ref. 0. It is clearly seen that the spec- 
tral weight of La2Cu04 has two well-defined peaks at 
the energies where the CT and the MO excitations res- 
onate. Consistent with this, the absorption spectrum 
of La2Cu04 also has the well-defined peaks for both 



well-screened and poorly screened states as shown in 
Fig. 2(e).^ Since such a two-peak structure has also been 
observed for the x = 0.17 sample,^ the disappearance of 
the higher energy peak in the absorption spectrum and 
the broad nature of the RIXS spectral weight distribution 
seem to be characteristic of overdoped metallic samples. 

The dispersions of the CT and the MO excitations 
have been studied by collecting the RIXS spectra at fixed 
Ei = 8.992 keV and 8.998 keV at several q-positions be- 
tween (3, 0) and (2.5, 0), and between (3, 0) and (2.5, 0.5). 
The data have been fitted by a Lorentzian function with 
a sloping background to determine the excitation ener- 
gies. The dispersions so obtained are shown in Fig. 3. 
The CT excitation appears at 3.7 eV at the zone center 
and reaches 4.2 eV at (tt 0) and 5 eV at (tt tt). This 
dispersion is qualitatively similar to that observed in the 
X = 0.17 sample.A The actual profiles, however, show sys- 
tematic changes with increasing hole concentration. The 
left panel of Fig. 4 indicates profiles of the CT peak for 
X = 0, 0.17 (from Refs.'Fand ^ and 0.30. To compare 
the CT peak itself, the intensity is normalized to the CT 
peak intensity. It may be clearly seen that the CT peak 
shifts its weight to higher energy with increasing doping 
at all q positions. This is consistent with an increase of 
the CT gap with doping predicted by Tsutsui et alm& 
and agrees quantitatively with their numerical calcula- 
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FIG. 2: (a) RIXS spectral weights for the x — 0.25 sample 
as a function of Ei. The spectral weights are normalized to 
the effective volumes estimated from the Cu-K/Js intensity, 
(b) RIXS spectral weights normalized to the maximum value. 
For figures (a) and (b), the squares and circles represent data 
at (O.Itt 0) and (tt 0), respectively, (d) shows spectral weight 
of the parent material La2Cu04 calculated from the data re- 
ported in Fig. 1 (a) of Ref. 5. The data are normalized to 
the maximum value, (c) and (e) indicate the absorption of 
X — 0.25 and pure samples, respectively, measured by moni- 
toring the Cu-K/35 intensity. The data of (e) is referred from 
Fig. 1 (b) of Ref. H Error bars in figures (a), (b) and (d) 
result from a summation of the statistical errors of summed 
data points. 



tions i2 i f - m The large value of this shift 1 eV) is some- 
what surprising, given that the chemical potential shift 
due to the hole doping observed in photoemission experi- 
ments is less than 0.5 eV^ However, the upper Hubbard 
band shifts to higher energy as holes are dopediS^ This 
combined effect of the chemical potential shift and the 
shift of the unoccupied band seems to contribute to the 
large overall shift of the CT feature. 

It is also interesting to note that the large shift of the 
CT peak energy in the overdoped regime may imply a 
large overlap of the O 2p and the lower Hubbard Cu 3d 
bands, resulting in the existence of partially doped-holcs 
with Cu 3d character in the overdoped regime. This in 
turn would suppress magnetic correlations as reported 
by recent neutron scattering measurements of the over- 
doped samplesiiiii^ However, detailed numerical calcula- 
tions are necessary to draw any firm conclusions. 

The nature of the MO excitation also appears to differ 
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FIG. 3: Dispersion relation of the MO excitation (upper) mea- 
sured with Ei = 8.998 keV and the CT excitation (lower) 
measured with Ei = 8.992 keV for x = 0.25. Error bars are 
estimated from a simple fit to a Lorentzian function. 



from that in the x — 0.17 sampled Although the zone 
boundary has a lower excitation energy than the zone 
center as is the case for x = 0.17, the dispersion of the 
overdoped sample is flat in the large q region as shown 
in Fig. 3. As discussed in Ref. 0, the energy and the 
dispersion of the MO excitation increases as the Cu-0 
distance decreases, and concomitantly the hybridization 
between the Cu Sd^^-y^ and the O 2pa- orbitals becomes 
stronger. The excitation energy of 7.6 eV at (tt 0) is very 
close to that of the x — 0.17 sample which has the same 
Cu-0 distance as the x = 0.25 sample, and, moreover, 
if we define the dispersion as the difference between the 
energies at (tt 0) and (0 0), the overall dispersion of ^ 
0.4 eV of the present sample is similar to that of the 
X = 0.17 sample ( ~ 0.5 eV). 



IV. LOW-ENERGY EXCITATION 

The plots on the left side of Fig. 4 show clear evidence 
for the appearance of a low energy excitation below the 
CT peak for the doped samples. Although the excitation 
spectrum around 1 eV for the undoped sample decreases 
to the background level (intensity at w = — 1 eV), the 
intensity at 1 eV remains well above the background in 
the doped samples. As reviewed in Sec. 1, Kim et al& 
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FIG. 4: (Color online) The left panel shows a comparison of 
the RIXS spectra for a; = 0, 0.17, and 0.30 at three different 
positions. The data for a; = and 0.17 are referred from Ref._ 
and0. The profiles are normalized to the CT peak intensity. 
The data for x = 0.30 were taken utilizing the fine energy 
resolution setup. The right panel shows the RIXS spectra for 
X = 0.25 with data as-measured (top) and normalized to the 
Cu K/35 intensity (bottom). 



have observed that the continuum intensity at low energy 
(1 ~ 2 eV) exists at (0 0) and at (tt 0), but not at (tt tt). 
To test this in the overdoped sample, we have compared 
the RIXS spectra for x = 0.25 at (tt 0) and (tt vr). The 
top-right panel of Fig. 4 shows the as-measured data of 
RIXS spectra taken with Ei — 8.992 keV including the 
peak around 19 eV due to the Cu K/Js fluorescence emis- 
sion. The bottom-right panel shows the same spectrum 
after normalization using the Cu K/?5 intensity. Both 
spectra exhibit a constant intensity between 1 and 3 eV 
as shown by the shaded area, although the continuum in- 
tensity at the (tt tt) position appears to be smaller than 
that at (tt 0). Thus, the data are suggestive of the ex- 
istence of the continuum excitation even at (tt tt) in the 
overdoped samples. 

We have also measured the RIXS spectra for x = 0.30 
at 9 K utilizing the high resolution instrumentation (~ 
0.13 eV) which enables us to study the detailed structure 
of the continuum excitation. Figure 5 shows the evolu- 
tion of the RIXS spectra as a function of Ei between 8.992 
and 8.994 keV at (tt 0). It appears that there is a small 
peak on top of the continuum intensity at 1.5 eV res- 
onating in the range of 8.9925 < Ei < 8.9935 keV. This 
may be more clearly seen in the right panel of the figure, 
where the background subtracted spectra are plotted on 
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FIG. 5: (Left) RIXS spectra of the x = 0.30 sample at (tt 0) 
at various Ei at 9 K. Each spectrum is shifted by 2 counts 
for clarity. (Right) The differential intensity D{q, lj) derived 
by subtracting the energy gain side intensity as a background 
from the energy loss side. The data are shifted by 1 count 
each. 
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FIG. 6: Analogous plots to Fig. |^ for the RIXS spectra at 
(tt tt). 



a different scale to emphasize the continuum region. The 
data below 1 eV have a large ambiguity due to the tail of 
the elastic peak, while the increase of D{ w) above 2.5 eV 
is due to the CT peak. A peak at 1.5 eV is, nevertheless, 
clear in the range of 8.992 < Ei < 8.993 keV. 

Similar features have been found at the (tt tt) position. 
Figure 6 shows plots analogous to those in Fig. 5 for 
(tt tt). In the right panel, the profile at Ei — 8.993 keV 
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exhibits a peak of 0.5 counts/s appearing around uj = 
1.8 eV on top of the continuum intensity of 1 count/s, 
whereas the data at Ei — 8.992 and 8.9925 keV show only 
a fiat continuum intensity. As Ei increases to 8.994 keV, 
the peak appears to become broader and larger, and 
seems to shift to higher energy. 

We have studied the q-dependence of this excitation 
around (tt tt) with fixed Ei at 8.993 eV. Figure 7 shows 
the background-subtracted and normalized RIXS inten- 
sity at 1.0 < w < 1.8 eV along the (2.5-Kg, -0.5-K 
q, 0) direction which is equivalent to the trajectory in a 
reduced momentum space shown by an arrow in the in- 
set. It is evident that a peak develops at (tt tt) with 
increasing energy transfer and it reaches an intensity of 
^ 0.5 counts/sec. at 1.8 eV on top of the q-independent 
continuum intensity of 1 count/sec, consistent with the 
data for E, = 8.993 eV in Fig. 6. 

It is open question what the origin of this excitation 
is. From a consideration of the excitation energy of this 
feature, a possible origin is the local dd-excitation which 
has been observed around 1.5 eViSiS^ However more de- 
tailed measurements are necessary to draw definitive con- 
clusions. 



V. CONCLUDING REMARKS 

We have studied heavily overdoped LSCO with x = 
0.25 and 0.30 using the resonant inelastic x-ray scatter- 
ing technique near the Cu K edge. We observe several 
features of the charge-transfer and molecular-orbital ex- 
citations in these materials. First, the resonance behav- 
ior in this overdoped sample appears to be broader in 
incident photon energy than that of the undoped par- 
ent material. Furthermore, in the absorption spectra of 
the overdoped samples, the peak corresponding to the 
poorly-screened state is damped. This presumably is re- 
lated to the metallic nature of the overdoped samples, 
and the better screening due to mobile charge carriers. 
Second, we found that the CT peak energy increases with 
doping X. This agrees with the prediction of an increase 
of the CT gap energy with increasing x and specifically, 
the numerical calculations of Tsutsui et alm^^ and Tsut- 

Our study of the low energy excitations has shown that 
the continuum intensity appears at all momentum trans- 
fers for the overdoped samples. From detailed measure- 
ments utilizing the high energy resolution of 0.13 eV, 
we observed an additional excitation on the continuum 
intensity at (tt tt) and (vr 0), which shows resonantly en- 
hanced intensity at Ei ~ 8.993 kcV. It will be important 
to study the dispersion of this feature, as well as to deter- 
mine whether or not this excitation exists in the samples 
with lower doping to elucidate the origin of this excita- 
tion. 
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FIG. 7: g-dependence of the RIXS intensity of the x — 0.30 
sample for 1 < ci; < 1.8 eV. The data are derived by nor- 
malizing to the intensity at tj = eV after subtracting the 
energy gain side intensity as a background. Error bars result 
from a summation of the statistical errors of the energy loss 
signal and the energy gain background. The data are shifted 
vertically for clarity. The scanning direction is shown by an 
arrow in the inset. 
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